INTRODUCTION

1,25-dihydroxyvitamin D3 [1,25-(OH)2D3]P is the most
biologically active vitamin D metabolite known with respect to bone resorption and intestinal absorption of calcium (1) (2) (3) . The synthesis of 1,25-(OH)2D3 from its only known endogenous precursor, 25-hydroxyvitamin D3 (25-OHD3) occurs uniquely in the renal cortex and is catalyzed by 25-hydroxyvitamin D3-la-hydroxylase (25-OHD3-la-hydroxylase) (4) (5) (6) . Because of the apparent biological importance of 1,25- (OH)2D3 in calcium and phosphorus homeostasis the factors that might regulate the rate of its production and the activity of 25-OHD3-la-hydroxylase have been under intensive investigation (7) (8) (9) .
A number of studies suggest that in the vitamin D-deficient state the plasma concentration of calcium might feed-back regulate the production of 1,25-(OH)2D3 through the parathyroid system (10) (11) (12) (13) (14) . In vitamin D-deficient rats, the production of 1,25-(OH)2D3 was greater during hypocalcemia than during normocalcemia (induced by high calcium diets) (10) . In vitamin D-deficient chicks the activity of 25-OHD3-la-hydroxylase varied inversely with dietary ' (11) . In rats raised on a vitamin D-deficient diet [but supplemented with 1,25-(OH)2D3 to ensure survival], thyroparathyroidectomy (TPTX) was attended in 24 h by a decrease in the production of 1,25-(OH)2D3, as judged from the amounts of tritiated 1,25-(OH)2D3 measured in serum, 12 h after intravenous administration of tritiated . When parathyroid extract (PTE) was administered 48 h after TPTX, an increase in the amount of tritiated 1,25-(OH)2D3 in serum could be measured 12 h after initiation of PTE. It was concluded that parathyroid hormone (PTH) may be a trophic hormone that stimulates the production of 1,25-(OH)2D3 (12) . In 4-wk-old chicks raised on a vitamin D-deficient diet but supplemented with vitamin D 16-18 h before parathyroidectomy (PTX), 25-OHD3-la-hydroxylase activity was decreased at 13 and 14 h after PTX (13) . Accordingly, Fraser and Kodicek concluded that 25-OHD3-lahydroxylase is regulated and stimulated by circulating PTH (13 (11, 13, (16) (17) (18) . In light of this fact, the observations of Galante et al. (15) , and other considerations (10, 18, 19) , DeLuca (11) reported that the activity of 25-OHD3-la-hydroxylase was decreased 24 h after PTX, compared to the activity in sham-operated controls. The reported decrease in the enzyme activity, however, is difficult to interpret since the decrease might reflect a moribund status of the chicks, rather than an effect of the absence of circulating PTH. When PTX is performed in the vitamin D-deficient chick or rat that is already hypocalcemic, increasing hypocalcemia, tetany, and moribundity are predictable complications (12, 15, 20 (1:1) was added to the previously initiated solution in amounts calculated to deliver calcium at the rate of 15-20 mg/kg per h. In the earlier studies chicks were sedated overnight with intravenously administered sodium pentobarbital. With each successive study, the agent was administered at a lesser rate (1.0-0 mg/kg per h). Because it soon became apparent that sedation was unnecessary, the agent was not administered in the preponderance of studies. When administered, sodium pentobarbital had no demonstrable effect on the plasma concentrations of calcium and phosphate or on the activity of 25-OHD3-la-hydroxylase. 18 h after surgery (6 h before sacrifice), blood was drawn to measure the plasma concentrations of calcium and phosphate. In some studies, the plasma concentrations of calcium and phosphate were determined every 2 h during the last 6 h of the study. Food and water were made available to the chicks during the last 6 h of the study. All drank and most ate heartily. At 23-25 h postsurgery, blood was drawn for determination of plasma concentrations of calcium and phosphate, animals were sacrificed by decapitation, and kidneys were rapidly removed and placed in an iced solution of 0.9% sodium chloride for determination of 25-OHD3-la-hydroxylase activity. Nonoperated chicks that were allowed water ad libitum and food when the operated chicks began to eat served as additional controls.
To Calcium, phosphorus. Plasma concentration of calcium was determined by atomic absorption spectrophotometry. Plasma concentration of inorganic phosphorus was determined by the Fiske-Subbarow method (25) .
RESULTS
At the time of surgery in the vitamin D-deficient chicks, the plasma concentration of calcium was 6.1 + 1.2 mg/dl (mean± 1 SD); the plasma concentration of phosphate was 5.0±1.4 mg/dl. The adequacy of parathyroidectomy was inferred by a fall in plasma concentration of calcium of at least 1.6 mg/dl, 2-3 h after PTX (mean fall of 2.2±0.4 mg/dl). During the same time period, in the sham-operated control group, plasma concentration of calcium fell, but the fall, 0.7±0.5 mg/dl, was significantly less (P < 0.001). A rise in plasma concentration of phosphate 2-3 h after PTX further indicated the adequacy of PTX. Plasma concentration of phosphate rose in all parathyroidectomized animals (mean rise 0.9±0.4 mg/dl) and fell in all sham-operated controls (mean fall 0.4 +0.3 mg/dl). These responses were significantly different (P < 0.001 by Student's t test). In the parathyroidectomized group, the continuous administration of calcium at a rate of 10-20 mg/kg per h maintained the plasma concentration of calcium at the preexisting hypocalcemic level, 24 h after PTX. By contrast, in nonparathyroidectomized vitamin D-deficient chicks that received calcium at similar rates, the plasma concentration of calcium became normal or supernormal within 2 h. In the parathyroidectomized chicks, the plasma concentration of calcium at the time of sacri-fice was not significantly different from that obtaining at the time of surgery or that of sham-operated control chicks, at the time of surgery or sacrifice. A steady state with respect to plasma levels of calcium and phosphate was obtained during the 6 h before sacrifice in both parathyroidectomized and sham-operated controls, as judged by the observation that the plasma concentrations of calcium and phosphate measured 6 h before sacrifice were not significantly different from those measured at sacrifice. In early studies blood for determination of plasma concentrations of calcium and phosphate was drawn every 2 h during the last 6 h of the experiment. Since significant changes in the plasma levels of these substances did not occur, blood was drawn less frequently thereafter.
25-OHD3-la-hydroxylase activity decreased 45% 24 h after parathyroidectomy (P < 0.001): After parathyroidectomy the activity was 4.5±0.8 pmol/mg protein per 30 min; after sham operation the activity was 8.2±1.2 pmol/mg protein per 30 min (Table I ). In contrast to the sham-operated controls in which no correlation obtained between 25-OHD3-la-hydroxylase activity and plasma concentration of phosphate, in the parathyroidectomized vitamin D-deficient group, the activity of 25-OHD3-la-hydroxylase was inversely correlated with the plasma concentration of phosphate and the correlation was highly significant (P < 0.001) Plasma Ca mg/dl FIGURE 1 Relationship between 25-OHD3-la-hydroxylase activity and plasma concentrations of phosphate and calcium 24 h after PTX in hypocalcemic vitamin D-deficient chicks. 25-OHD3-la-hydroxylase activity was determined 24 h after surgery. Blood was drawn just before sacrifice for determination of plasma concentrations of phosphate and calcium. r = correlation coefficient; P value determined by Student's t test.
( Fig. 1 ). In the parathyroidectomized vitamin D-deficient chicks, in which the severity of hypophosphatemia was not increased by administration of glucose, the activity of 25-OHD3-la-hydroxylase was strikingly decreased 24 h after PTX whereas in those parathyroidectomized chicks in which hypophosphatemia of a degree similar to that of the sham-operated controls was induced by administration of glucose, activity of 25-OHD3-la-hydroxylase was only modestly decreased compared to that of the sham-operated controls (Table I ).
In the parathyroidectomized group the activity of 25-OH D3-la-hydroxylase was directly correlated with plasma concentration of calcium (Fig. 1) . In the shamoperated control group, the activity of 25-OHD3-lahydroxylase was not correlated with the plasma concentrations of either calcium or phosphate.
In the nonglucose-treated parathyroidectomized chicks the plasma concentration of phosphate did not rise after surgery, but was greater than that of the shamoperated controls in which plasma phosphate concentration fell significantly 24 h after surgery (Table I) .
Adequacy of the vitamin D-deficient state was supported by the following observations: (a) The enzyme activity of the sham-operated chicks (8.2±1.2 pmol/mg protein per 30 min) was as high as that measured in 4-wk-old vitamin D-deficient chicks that were raised from day 1 on a vitamin D-deficient diet (7.7±0.4 pmol/mg protein per 30 min). In this classic model of th-e vitamin D-deficient state (the 4-wk-old vitamin D-deficient chicks), 1,25-(OH)2D3 and 25-OHD3 were recently reported to be undetectable in serum (26) . (b) In the sham-operated chicks the mean activity of 25-OHD3-la-hydroxylase and the mean plasma concentration of calcium of those operated at 8 wk of age were not significantly different from those at 11 wk. If the chicks were less deficient in vitamin D at 8 than at 11 wk, one might expect a lower enzyme activity and a higher plasma concentration of calcium at the younger age. (c) The relationship of 25-OHD3-lahydroxylase to plasma concentration of phosphate in those chicks parathyroidectomized at 8 wk was not different from that in the chicks parathyroidectomized at 11 wk of age: in the 8-wk-old group, the slope of the line of plasma concentration of phosphate vs. 25-OHD3-la-hydroxylase activity (slope = -1.2069, r = 0.9074) was not significantly different from that of the 11-wk-old group (slope = -1.2110, r = 0.9954). These findings, that in the parathyroidectomized chicks modulation of 25-OHD3-la-hydroxylase by plasma concentration of phosphate did not change with time, and that in the sham-operated chicks the activity of 25-OHD3-la-hydroxylase and plasma concentration of calcium did not change with time, indicate that either the degree of vitamin D deficiency did not change during the 4-wk period of concern, or any change in the vitamin D status that did occur had no effect on 25-OHD3-la-hydroxylase.
DISCUSSION
This study provides the first documentation that in a vitamin D-deficient state, 25-OHD3-la-hydroxylase activity significantly decreases after PTX in the absence of either supplementation of vitamin D (or a metabolite) or worsening hypocalcemia and its associated moribundity. 24 h after PTX in hypocalcemic vitamin D-deficient chicks in which worsening hypocalcemia was prevented by continuous intravenous administration of calcium, the activity of 25-OHD3-la-hydroxylase was significantly decreased compared to that in sham-operated controls. The reductive effect ofPTX on the activity of this enzyme was significantly attenuated when the severity of hypophosphatemia was experimentally increased. In the post-PTX state the activity of 25-OHD3-la-hydroxylase and plasma concentration of phosphate were significantly, inversely related. These findings indicate that in the vitamin D-deficient state both circulating PTH and the plasma concentration of phosphate can significantly modulate the activity of 25-OHD3-la-hydroxylase in the absence of vitamin D or one of its metabolites. Hence, these observations do not accord with the formulation of DeLuca and co-workers that in the vitamin D-deficient state, modulation of 25-OHD3-la-hydroxylase activity by circulating PTH, or by the serum concentration of phosphate, can occur only in the presence of 1,25-(OH)2D3 (9, 18, 19) .
The observations of the present study are not, however, inconsistent with observations inferred to support the formulation of Boyle et al. (10) (10) . One group of rats was supplemented with vitamin D, the other group was not. In the nonsupplemented group, 1,25-(OH)2D3 remained the major serum metabolite of tritiated 25-OHD3 until dietary calcium was 3.0% or greater. By contrast, in the supplemented group, the major serum metabolite of 25-OHD3 was already 24, 25-(OH)2D3 when the dietary calcium content was only 0.47%. Although these results have been interpreted as being consistent with the possibility that vitamin D per se, or one of its metabolites, is required for dietary calcium to dampen 25-OHD3-la-hydroxylase activity (9, 18), 1,25-(OH)2D3 was the major serum metabolite of 25-OHD3 at serum concentrations of calcium below 9.1 mg/100 ml, and 24,25-(OH)2D3 was the major serum metabolite at serum concentrations of calcium above 9.1 mg/100 ml, irrespective ofthe state of supplementation of vitamin D. Since the release of PTH is regulated by serum calcium level, the observed inverse relationship between serum calcium level and the apparent production of 1,25-(OH)2D3 constitutes evidence that circulating PTH can stimulate 25-OHD3-la-hydroxylase irrespective of the presence or absence of vitamin D supplementation. Indeed, the observation suggests that in the frankly hypocalcemic, vitamin D-deficient animal, the stimulating effect of PTH on 25-OHD3-la-hydroxylase can override the dampening effect of small amounts of vitamin D (or one of its metabolites) on the activity of this enzyme.
The observations of this study are in accord with those of Tanaka and DeLuca demonstrating that the suppressive effect of PTX on 25-OHD3-la-hydroxylase activity can be largely if not completely reversed by the presence of hypophosphatemia (20) . In contrast to Tanaka and DeLuca's investigation, our animals were not supplemented with vitamin D, thus providing further evidence that 25-OHD3-la-hydroxylase can be modulated in the vitamin D-deficient state in the absence of small amounts of supplemental vitamin D. Furthermore, the inverse correlation of 25-OHD3-la-hydroxylase activity with plasma concentration of phosphate is the first such demonstration in parathyroidectomized vitamin D-deficient animals not supplemented with vitamin D. In the sham-operated controls, which were hypocalcemic and presumably hyperparathyroid, the plasma concentration of phosphorus and production of 1,25-(OH)2D3 were not correlated. Others have made similar observations: in intact vitamin D-deficient animals no correlation between production of 1,25-(OH)2D3 and plasma concentration of phosphate has been observed (11) . In fact, in intact vitamin D-deficient animals, an inverse correlation between production of 1,25-(OH)2D3 and plasma concentration of phosphate has been observed only in vitamin D-supplemented animals with normal plasma levels of calcium (27) . The inverse relationship between serum concentration of phosphate and 1,25-(OH)2D3 production might then obtain only with reduced amounts of circulating PTH.
In the present study the failure of the plasma concentration of phosphate to increase by 24 h after parathyroidectomy in the non-glucose-treated chicks, and the frank fall in plasma concentration of phosphate in the sham-operated controls, may be a reflection not only of calcium administration (in the parathyroidectomized group), and the possible phosphaturic effects of sodium chloride administration, but also of the vitamin D status of the animal. Since it has been shown that 1,25-(OH)2D3 raises serum concentration of phosphate in hypophosphatemic vitamin D-deficient rats, even in the parathyroidectomized state (18) , it is possible that in the vitamin D-deficient animal absolute hyperphosphatemia occurs after parathyroidectomy only when vitamin D or some other metabolite of vitamin D, namely 1,25-(OH)2D3, has been supplemented. Published data permit no conclusion in this regard.
